Zearalenone (ZEA) acts as an environmental endocrine disruptor (EED) to cause health detriments. miRNAs were reported to influence the synthesis and secretion of pituitary hormones. However, the interactions between ZEA and miRNAs and related mechanisms remain unclear. The aims of this study were to determine whether and how miR-7 affects animal reproduction by its interactions with ZEA in the pig pituitary, which is sensitive to ZEA and has been used as an important animal model in medical research. Expressions of miRNA were detected by real-time PCR, in situ hybridization, and immunohistochemistry. The effects of ZEA, miR-7, and their interactions in the pituitary gland were identified by using an ovariectomized pig model, transfecting miR-7 mimics and inhibitor, radioimmunoassay, luciferase reporter assay, and Western blotting. The ZEA dosage was 7.5 mg/kg body weight in vivo and 1 mM in vitro. Our results demonstrate miR-7 acts to regulate gonadotropin synthesis and secretion. Furthermore, we found that ZEA leads to reproductive defects by enhancing miR-7 expression, which subsequently inhibits FSH synthesis and secretion. In vitro and in vivo experiments revealed that the effects of ZEA rely on G protein-coupled estrogen receptor 1, and miR-7 functions by mediating ZEA signaling pathway and targeting the FinkelBiskis-Jinkins murine osteosarcoma viral oncogene homolog (FOS) gene. These findings show that miRNAs are key intrinsic factors regulating pituitary gonadotropins by mediating EED signaling in pituitary glands, and the actions of miRNAs and EEDs should be seriously considered in related studies about medical practice and animal production. (Endocrinology 159: 2993(Endocrinology 159: -3006, 2018 
on female pigs is acute (16) . According to reports, ZEA can bring about hyperestrogenism in pigs among different age groups (17) (18) (19) , with symptoms of enlarged reproductive organs, irregular estrous cycle, and infertility. Offspring of ZEA-affected sows have the phenotype of reduced litter size and smaller size (17) . Similar symptoms have been reported in other animals, including humans (20, 21) .
Although various studies have found that the reproductive system is easily damaged by ZEA and a-ZOL in pigs, little attention has been paid to the molecular mechanism. In mammals, the hypothalamic-pituitarygonadal (HPG) axis is the dominant endocrine element affecting reproduction. Pulsatile release of GnRH from the hypothalamus is transmitted to the pituitary and triggers the synthesis and secretion of gonadotropins (22) . Gonadotropins include FSH and LH, each of which can stimulate progesterone and estradiol in ovaries (23) . Estrogen also exerts negative effects on gonadotropins in turn. In the classic view, estrogen needs estrogen nuclear receptors (ERs), including ERa and ERb, to respond to the HPG axis (24) . However, evidence has shown that the G protein-coupled estrogen receptor 1, GPER1, plays vital roles in estrogen signaling (25) . Considering the resemblance between ZEA and b-estradiol, we suspected that GPER1 participates in ZEA signaling as it does with b-estradiol.
miRNAs are 20-to 24-base-long, noncoding RNAs that regulate gene expression by binding to target mRNA 3 0 -untranslated regions (UTRs) posttranscriptionally (26, 27) . In previous work, we found that miR-7 is highly expressed in pig pituitaries. In adult mice, the miR-7 family (including mature miR-7a and miR-7b with three different pre-miRNAs: miR-7a1, miR-7a2, and miR-7b) is highly expressed in the central nervous system, especially in the pituitary and hypothalamus (28, 29) . MiR-7 mediates cell responses to environmental fluctuations in fruit flies and mice, such as temperature (30) and a-synuclein cytotoxicity (31) . In Sus scrofa, there exists only one mature miR-7 with two pre-miRNAs: miR-7-1 and miR-7-2. However, literature focusing on miR-7 function in pigs, especially function in the reproductive system, is scarce.
In the current study, we initially examined miR-7 expression in the porcine pituitary gland and found that miR-7 is colocalized with LHb. Further investigation demonstrated that miR-7 mediates ZEA and a-ZOL, regulating FSH but not LH. ZEA upregulates miR-7 by activating the protein kinase C (PKC) and p38 signal pathways through GPER1 signaling. MiR-7 then inhibits FSH synthesis and secretion by targeting the Finkel-BiskisJinkins (FBJ) murine osteosarcoma viral oncogene homolog (FOS) gene, which is part of the activator protein 1 (AP-1) transcription factor family.
Materials and Methods

Animals and experimental procedures
The animal experiments were carried out in accordance with the principles and procedures of the Chinese Association for Laboratory Animal Sciences and the Helsinki Declaration. The protocol was approved by the State Key Laboratory of Agrobiotechonology, and all the procedures were in accordance with ethical standards. Animals used in this study were treated humanely, and care was taken to alleviate suffering. Six female pigs (age 7 to 8 months; 14 to 18 kg) obtained from the Chinese Wuzhishan Pigs Reservation of Chinese Academy of Agricultural Sciences were ovariectomized under general anesthesia. After a week's recovery, the pigs were randomly divided into two groups. Pigs in group 1 (OVX; n = 3) received 1 mL/kg body weight (BW) corn oil (placebo), and pigs in group 2 (OVX+ZEA; n = 3) were intraperitoneally injected with ZEA 7.5 mg/kg BW for 24 hours. ZEA dosage was chosen according to a study suggesting that among different groups, 7.5 mg/kg BW ZEA injection for 24 hours can cause the most obvious reproductive deficits (32) . Blood samples were collected to measure gonadotropin concentrations, and the pituitaries were collected for miR-7 detection.
Porcine primary cell culture and treatments
Porcine primary cell culture was carried out according to previous reports (33, 34) . Briefly, the collected pituitaries were washed in PBS three times. On a clean bench, anterior pituitaries were minced into equally small pieces and digested at 37°C for 30 minutes in the following digestive reagent: 0.25% trypsin-EDTA, 0.1 mg/mL collagenase type II, and 2 mg/mL Dnase I. The digestion were terminated with DMEM (Gibco, Grand Island, NY) containing 10% (v/v) fetal bovine serum (Gibco). To remove cell debris, cells were filtrated through 75-mm nylon filters (200 meshes) and harvested by centrifugation at 1300 rpm for 5 minutes. After removal of the supernatant, cells were washed in DMEM twice and resuspended with 10% fetal bovine serum-DMEM. The cells were then placed in 12-well plates at a density of 1310 6 cells per well and cultured at 37°C with a humidified atmosphere containing 5% CO 2 . After 4 days' culture, the medium was treated with phenol red-free DMEM (Sigma-Aldrich, St. Louis, MO) for 12 hours for starvation, followed by 1 mM ZEA, 1 mM a-ZOL, or 100 nM b-estradiol (35), which were dissolved in methanol; the final methanol concentration in the medium was ,0.1% (v/v). For RIA, real-time PCR, or Western blotting, the medium and cells were collected and stored at 280°C.
In situ hybridization
In situ hybridization (ISH) was performed according to our previous report (36) . Briefly, an miR-7-5p locked nucleic acid probe and a scrambled probe (Exiqon, Woburn, MA) were purchased and labeled with digoxigenin by a DIG Oligonucleotide Tailing Kit (Roche Diagnostics, Indianapolis, IN). As reported previously (37) , dried frozen sections of pig pituitaries were fixed in fresh 4% paraformaldehyde for 10 minutes and washed by 13 PBS for 10 minutes, followed by acetylation for 10 minutes and another 13 PBS wash for 10 minutes. After prehybridization at room temperature for 8 hours, hybridization was conducted at 47°C overnight. Then the slides were washed with 0.23 SSC for 1 hour at 60°C and incubated in blocking solution for 1 hour at room temperature. Subsequently, the slides were incubated with an alkaline phosphataseconjugated antibody to digoxigenin at 4°C overnight. After PBS and alkaline phosphatase buffer washes, the slides were incubated in the dark with nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate for staining.
ISH and immunohistochemistry dual staining
After ISH procedure above, the sections were treated with 10% goat serum in PBS and incubated with 1:50 anti-LH antibody (38) at 4°C overnight. The sections were then incubated with 1:100 tetramethylrhodamine (39) for 3 hours. After three PBS washes, the sections were observed and photographed by using a fluorescence microscope (1X71; Olympus, Tokyo, Japan).
miRNA transfection miR-7 mimics (miR-7-mi) and miR-7 negative control (mi-nc) were purchased from Ambion (Austin, TX). miR-7 inhibitors (miR-7-in), and miR-7-in negative control were purchased from Exiqon. Lipofectamin2000 agent (Invitrogen Life Technologies, Gaithersburg, MD) was used for transfection according to the manufacturer's instructions.
Detection of miR-7 and ZEA effects on FSH
Porcine pituitary primary cells were transfected with 30 nM miR-7-mi or miR-7-in for 24 hours, after which the cells were treated with 1 mM ZEA, a-ZOL, or 100 nM b-estradiol for 3 hours and cells and culture solution were collected. For FSH mRNA detection, total RNA in cells was extracted and underwent real-time PCR. For detection of FSH synthesis, culture solution was condensed and used for RIA detection. For detection of FSH secretion, cells were lysed and used for RIA detection. Before RIA, total protein levels were detected and used for normalization.
Real-time PCR
Total RNA was extracted by using the Trizol reagent (Takara, Dalian, China) with RNase-free materials and quantified by spectrophotometry. On the basis of a previous study (40) , experiments were conducted as follows: U6 RNA and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used for normalization of miR-7 and gene expression. Reverse transcription (RT) was conducted by using the M-MLV reverse transcription kit (Promega, Madison, WI) according to the manufacturer's procedure. For miRNA RT, RT reactions included purified RNA and 50 nM RT stem-loop primer. RT stem-loop primer sequences were miR-7 RT-primer (CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAG-AACAACAAAAT) and U6 RT-primer (AACGCTTCACGAA-TTTGCGT). Mixed transcription reactions were incubated in a DNA T100 TM Thermal Cycler (Bio-Rad Laboratories, Hercules, CA) at 16°C for 30 minutes, 42°C for 30 minutes, and 85°C for 5 minutes. After RT, real-time PCR was performed with SYBR Premix Ex Taq kit (Takara) by using the 7500 Realtime PCR System (Applied Biosystems, Foster City, CA). Primer sequences are shown in Table 1 . PCR conditions were as follows: 10 minutes at 95°C, 40 cycles of 15 seconds at 95°C, and 1 minute at 60°C. Gene quantification was determined by ABI PRISM 7500 equipped software (Applied Biosystems).
RIA
Gonadotropin concentrations were measured by using RIA reagents (Beijing North Institute Biological Technology, Beijing, China) according to the manufacturer's procedures. Minimum detectable concentrations of LH and FSH were 5.0 mIU/mL and 2.5 mIU/mL. Interassay and intra-assay coefficients of variation were ,10% and ,15%.
Luciferase reporter assay
The psiCHECK TM -2 vector (Promega) was used for the dual-luciferase reporter assay. First, mutant and wild-type 3 0 -UTR of ELK1 and FOS mRNA containing NotI and XhoI sites were cloned by overlap PCR. Then, the sequences were inserted in the vector to construct dual-luciferase reporter plasmids. When 293FT cells reach the density of 4 3 10 4 cells per well in 24-well plates, transfection of 30 nM miR-7-mi (or mi-nc) and 200 ng/mL plasmids using lipofectamin2000 agent was conducted for 24 hours. Finally, Modulus TM II microplate multimode reader (Promega) was used for luciferase activity measurement using the Dual-Lucy Assay Kit (Vigorous Biotechnology, Beijing, China). For data analysis, the ratios of renilla luciferase activity and firefly luciferase activity in mutant plasmids were used as controls.
Western blotting
According to our previous report (36) , porcine pituitary cultured cells were lysed with cell lysis buffer consisting of 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride, 0.1% SDS, 1% sodium deoxycholate, 50 mM Tris-HCl (pH, 7.4), and 1% TritonX-100. Protein concentration was determined by the bicinchoninic acid assay reagent (Vigorous Biotechnology) according to the manufacturer's protocols. Samples of 100 mg 
Bioinformatics analysis
Bioinformatics websites include the TargetScan database (http://www.targetscan.org/) and Sanger miRNA target database (http://www.microrna.org). The RNAhybrid (http:// bibiserv.techfak.uni-bielefeld.de/rnahybrid/) website was used for the minimum free energy of hybridization between miR-7 and the predicted target gene 3 0 -UTR (44).
Statistical analysis
All the experiments were repeated at least three times independently. Results are shown as means 6 SD. Multiple comparisons were conducted with ANOVA. Differences between groups were considered statistically significant at P , 0.05 and extremely significant at P , 0.01. SigmaPlot software (Systat Software Inc., San Jose, CA) was used for artwork creation.
Results
MiR-7 is highly expressed in porcine pituitary gonadotrophs
We initially examined miR-7 expression in porcine hypothalamus, cortex, pituitary gland, pancreas, adrenal, oviduct, uterus, and pituitary primary cells. miR-7 expression levels were the highest in the pituitary gland among all the tissues and cells examined (Fig. 1A) . We then colocalized miR-7 and LHb by ISH and IHC dual staining in the porcine pituitary gland with the cell nucleus stained with 4 0 ,6-diamidino-2-phenylindole (DAPI). To calculate LHb -positive cells, we selected 10 high-power fields and photos were taken. After that, by using Photoshop software (Adobe Systems Inc., San Jose, CA), we merged LHb-positive cells and miR-7-positive cells. For calculation, the counting tool in Photoshop software is used. The number of all the LHb-positive cells is recorded as A n (n = 1 to 10) and the number of LHbpositive cells expressing miR-7 is recorded as B n (n = 1 to 10). The rate of LHb-positive cells expressing miR-7 (R) is calculated by R = å B n / å A n =504/560 = 90% ( Table 2 ).
The results demonstrate that 90% of LHb-positive cells expressed miR-7 (Fig. 1B) . Because previous work has shown that LH and FSH are contained within the same gonadotropes in porcine anterior pituitary cells (45), our results suggest that miR-7 is involved in regulating gonadotrophic function.
ZEA and a-ZOL enhance miR-7 expression
To find out whether ZEA and a-ZOL affect miR-7 expression, we treated porcine pituitary primary cells with 1 mM ZEA and 1 mM a-ZOL for 0 (control), 1, 3, 6, 12, and 24 hours, and relative miR-7 expression was assayed. Our results show that 3-hour ZEA and a-ZOL exposure sharply increased miR-7 levels about 3.4 and 2.6 times higher, respectively, than the controls ( Fig. 2A  and 2B ). Three-hour ZEA and a-ZOL treatments significantly decreased FSH (Fig. 2C and 2I ) and LH ( Fig. 2F  and 2L ) mRNA levels, along with FSH concentrations in the cultured cells ( Fig. 2D and 2J ) and medium ( Fig. 2E  and 2K ). ZEA and a-ZOL treatment did not have a significant influence on the LH concentrations in the cultured cells ( Fig. 2G and 2M ) and medium ( Fig. 2H and  2N ). These data demonstrate that both ZEA and a-ZOL enhance miR-7 expression, which negatively regulates FSH synthesis and secretion but has no significant effect on LH. These results also suggest that miR-7 is involved in the regulation of ZEA and a-ZOL on FSH in pig pituitaries.
Enhancing effects of ZEA and a-ZOL on miR-7 are similar to those of b-estradiol ZEA and a-ZOL are estrogen analogs and function in a similar way (46) . We therefore speculated that estrogen also enhances miR-7 expression. To confirm this hypothesis, we treated cultured porcine pituitary primary cells with 100 nM b-estradiol for 0 (control), 1, 3, 6, 12, and 24 hours and measured miR-7 expression. miR-7 expression at each time point was significantly higher than the control and peaked (2.1 times higher than the control) after 6 hours of estradiol exposure (Fig. 3A) . Conversely, 3-hour estradiol treatment significantly decreased FSH mRNA levels (Fig. 3B) , and FSH concentrations in both cultured cells (Fig. 3C ) and in the medium (Fig. 3D) , which persisted until 24 hours.
The effects of ZEA and a-ZOL on LH were similar to that of b-estradiol treatment, having a negative effect on LH mRNA (Fig. 3E) but not having a significant influence on LH concentrations in cultured cells (Fig. 3F) and medium (Fig. 3G) . These results suggest that ZEA and a-ZOL have effects similar to those of b-estradiol on miR-7 expression, synthesis, and secretion of FSH and LH.
ZEA enhances miR-7 expression in pig pituitaries in vivo
The blood and pituitary samples of sexually mature Chinese Wuzhishan female pigs in group 1 (OVX; n 5 3) and group 2 (OVX 1 ZEA; n 5 3) were harvested. Realtime PCR results showed that the pituitary miR-7 level in the OVX + ZEA group was 1.86 times higher than that in the OVX group (Fig. 4A) ; the finding was the inverse for plasma FSH concentrations, with levels in the OVX + ZEA group decreasing by 45% compared with levels in the OVX group (Fig. 4B) . As was seen in the in vitro experiments, LH concentrations did not significantly differ between the OVX group and the OVX + ZEA group (Fig. 4C) . These results imply that ZEA represses FSH levels by enhancing miR-7 expression.
MiR-7 inhibits FSH expression in vitro
To investigate whether miR-7 is involved in ZEA's regulation of FSH synthesis and secretion, miR-7 was overexpressed or knocked down by transfecting miR-7-mi or miR-7-in in cultured porcine pituitary primary cells. miR-7-mi and miR-7-in, respectively, increased miR-7 levels about 9.25 times and decreased miR-7 level by 92.2% compared with the controls after 24-hour transfections (Fig. 5A) .
To clarify the role of miR-7 on different pituitary hormones, miR-7-mi and miR-7-in are transfected into porcine pituitary cells and genes of six pituitary hormones are detected. The expression of GH, proopiomelanocortin and prolactin mRNAs did not vary after miR-7 variation (Fig. 5B) . MiR-7 overexpression has no effects of TSH mRNA, but miR-7 inhibition could elevate TSH mRNA level (Fig. 5B) . Although miR-7 overexpression can inhibit gonadotropin expression, only FSH mRNA was increased by miR-7 inhibition (Fig. 5B) , illustrating that miR-7 can inhibit FSH expression in vitro.
MiR-7 mediates the signaling pathway of ZEA, a-ZOL, and b-estradiol in regulating FSH synthesis and secretion To see whether miR-7 mediates the inhibition of FSH synthesis and secretion by ZEA and a-ZOL, cultured porcine pituitary cells were initially transfected with 30 nM miR-7-mi and miR-7-in for 24 hours, after which the cells were treated with 1 mM ZEA, a-ZOL, or 100 nM b-estradiol for 3 hours, and the effects on the synthesis and secretion of gonadotropins were assayed. The results demonstrate that only miR-7 overexpression but not miR-7 knockdown cancels the regulating effects of ZEA, a-ZOL, and b-estradiol on miR-7 expression (Fig. 6A) , FSH ( Fig. 6B-6D ), and LH (Fig. 6E-6G ). This suggested that miR-7 is crucial in mediating the signal pathway of ZEA (a-ZOL, b-estradiol) in regulating the function of porcine pituitary gonadotropes.
ZEA regulates miR-7 through membrane receptor, protein kinase C, and p38 signal pathway in vitro To find out the ER involved in miR-7 regulating FSH, ICI 182,780 (an estrogen nucleus receptor inhibitor) and G15 (an estrogen membrane receptor inhibitor) were adopted. To determine the concentration of these inhibitors, obvious effects on ERa/ERb mRNAs, whereas they could increase GPER1 mRNA level (Fig. 7A-7C ), illustrating that ZEA/a-ZOL/b-estradiol may function through GPER1. ICI 182,780 and G15 gradients prove that 100 nM ICI 182,780 can effectively inhibit ERa/ERb mRNAs and 100 nM G15 can significantly reduce GPER1 mRNA ( Fig. 7A-7C ). In the following experiments, 100 nM ICI 182,780 and G15 were used. To investigate how miR-7 mediates ZEA's signaling pathway, influencing FSH synthesis and secretion, we treated the porcine pituitary primary cells for 1 hour with 100 nM ICI 182,780 or G15 separately. The cells were Figure 3 . b-estradiol enhances miR-7 expression in porcine primary cells. Porcine pituitary primary cells were treated with 100 nM b-estradiol for 0, 1, 3, 6, 12, and 24 h. Relative expression of (A) miR-7 was analyzed by real-time PCR and normalized to the U6 transcript level. Relative expressions of (B) FSH and (E) LH were analyzed by real-time PCR and normalized to the GAPDH transcript level. Cellular (C) FSH and (F) LH, (D) FSH secretion, and (G) LH secretion were detected by RIA. The data are the means 6 SD of three independent experiments. *P , 0.05; **P , 0.01 (ANOVA). con, control. then treated with 1 mM ZEA, a-ZOL, or 100 nM b-estradiol for 3 hours, and miR-7 expression was measured. The results show that G15 eliminated the enhancing effect of ZEA, a-ZOL, and b-estradiol on miR-7 expression but that ICI 182,780 treatment had no obvious effects (Fig. 7D-7F ). Because BSA blocks b-estradiol from reaching the nucleus, we then compared the effects of b-estradiol, b-estradiol-BSA, and BSA (control) on miR-7. The results show that both b-estradiol and b-estradiol-BSA elevate miR-7 expression level compared with the BSA (Fig. 7F) . These results imply that ZEA, a-ZOL, and b-estradiol regulate miR-7 expression through a membrane receptor.
We then treated porcine pituitary cells with H89 (protein kinase A inhibitor, 10 mM), CH (PKC inhibitor, 1 mM), PD 98059 (ERK1/2, 10 mM), SP 600125 (c-Jun N-terminal kinase inhibitor, 10 mM) and SB 203580 (p38 inhibitor, 10 mM) separately for 1 hour, followed with 1 mM ZEA, a-ZOL, or 100 nM b-estradiol exposure for 3 hours. The results show that when the PKC inhibitor was added, the effect of ZEA, a-ZOL, and b-estradiol on miR-7 was eliminated, whereas other signal pathway inhibitors had no obvious effect (Fig. 7G-7I ). In addition, the p38 inhibitor erased the enhancing effect of ZEA on miR-7 (Fig. 7G ). These results demonstrate that ZEA regulates miR-7 expression through PKC and p38 signal pathway, whereas a-ZOL and b-estradiol regulate miR-7 through the PKC signal pathway and not the p38 pathway.
FOS is a direct target of miR-7
To search for the target genes of miR-7, we searched Sanger miRNA target database and the TargetScan database. We then selected the relative factors in the signaling network of estrogen regulating FSH and used bioinformatics approaches to detect whether these genes have complementary sequences in 3 0 -UTRs with seed sequence of miR-7. Five genes-ELK1 (a member of the ETS oncogene family), FOS (FBJ murine osteosarcoma viral oncogene homolog), GATA2 (GATA binding protein 2), MAPKAPK2 (mitogen-activated protein kinase-activated protein kinase 2), and PBX1 (pre-B-cell leukemia homeobox 1)-were possible miR-7 target genes. The RNAHybrid database provided miR-7 binding site predictions by offering minimum free energy of hybridization between the 3 0 -UTRs of target genes and seed sequence of miR-7. Corresponding minimum free energy of the predicted five genes are 224.0 kcal/mol (ELK1), 220.4 kcal/mol (FOS), 224.0 kcal/mol (GATA2), 223.1 kcal/mol (MAPKAPK2), and 221.6 kcal/mol (PBX1). Furthermore, we detected mRNA levels of the five target genes after 24-hour transfection of 30 nM miR-7-mi. The results showed that miR-7 upregulation did not have significant effects on GATA2, MAPKAPK2, and PBX1 mRNA levels, but miR-7 upregulation sharply decreased ELK1 and FOS mRNAs. These findings suggest that ELK1 and FOS are miR-7 targeted genes (Fig. 8A) .
Finally, we predicted binding sites of miR-7 and possible targets (ELK1 and FOS) (Fig. 8B) and used the psiCHECK TM -2 vector to clone the putative 3 0 UTR target site downstream of a luciferase reporter gene (Fig. 8C) . We then cotransfected the psiCHECK TM -2 vector (wild-type or mutant) and miR-7-mi (or mi-nc) into 293FT cells. The results show that the luciferase activity of the transfected cells with miR-7-mi and p-Luc-3 0 UTR FOS decreased by 47% compared with the cells cotransfected with miR-7-mi and p-Luc-3 0 UTR MUT FOS (Fig. 8D) . The relative luciferase activity of p-Luc-3 0 UTR ELK1 cotransfection with miR-7-mi had no evident changes compared with p-Luc-3 0 UTR MUT ELK1 (Fig. 8D ). These results demonstrate that FOS is the direct target gene of miR-7. MiR-7 is involved in the signaling pathway of ZEA, regulating FSH synthesis and secretion by interacting with FOS To identify whether FOS is involved in the ZEA signaling pathway, FOS gene and protein expressions were detected in the OVX and OVX + ZEA groups. The results show that the ZEA injection decreased the FOS gene and protein levels by 51% (Fig. 9A) and 58% ( Fig. 9B and 9C) , respectively, compared with the OVX group. In addition, we treated porcine pituitary cells with 1 mM ZEA for 0 (control), 1, 3, 6, 12, and 24 hours, which resulted in the acute reduction of both FOS mRNA (Fig. 9D ) and FOS protein (Fig. 9E and 9F ) levels by using real-time PCR and Western blotting. In addition, the cultured porcine pituitary cells were transfected with 30 nM miR-7-mi and miR-7-in, followed by 1 mM ZEA treatment. The results show that miR-7 overexpression but not miR-7 knockdown reversed the reduction of FOS mRNA (Fig. 9G and 9J ) and FOS protein (Fig. 9H, 9I , 9K, and 9L) levels after ZEA treatment.
Discussion
In this study, we initially examined miR-7 expression in porcine pituitary glands and demonstrated that miR-7 is colocalized with LHb. Functional investigations demonstrated that miR-7 mediates ZEA and a-ZOL signaling, regulating synthesis and secretion of FSH but not LH both in vitro and in vivo. Interestingly, ZEA activates PKC and p38 signal pathways through GPER1 signaling, Figure 6 . MiR-7 mediates the signal pathway of ZEA (a-ZOL, estradiol) regulating FSH expression, synthesis, and secretion. Porcine pituitary primary cells were transfected with 30 nM miR-7-mi or miR-7-in for 24 h, after which 1 mm ZEA, a-ZOL, or 100 nM b-estradiol were added and cells were harvested 3 h later. (A, D) Expression of FSH and LH mRNAs was analyzed by real-time PCR and normalized to GAPDH. (B, E) Cellular FSH and LH levels in porcine primary cells. (C, F) FSH and LH secretion levels in porcine primary cells. Results are means 6 SD of three independent experiments. *P , 0.05; **P , 0.01 (ANOVA). con, control; E2, estradiol; NS, not significant (P . 0.05; ANOVA).
but not via classic ERs, subsequently enhancing miR-7. MiR-7 inhibits FSH synthesis and secretion by targeting the FOS gene. Together, ZEA affects FSH levels through a GPER1/PKC/p38/miR-7/FOS pathway in pigs (Fig. 10) .
ZEA has been reported to have reproductive and developmental toxicity (7, 8) . Hyperestrogenism is the most common disease caused by ZEA; symptoms include enlarged reproductive organs, irregular estrous cycle, and infertility. However, these studies have focused on the reproductive organs in the reproductive system. We investigated the effect of ZEA on the miRNA in pig pituitary glands. Because the HPG axis is the predominant reproductive endocrine axis in animal physiology, miR-7 Previous work has shown that gonadotropins are subjected to a complex network of hormonal and transcriptional regulations (47) and play vital roles in the HPG axis (22) . Although LH and FSH are located in the same gonadotropes in porcine anterior pituitary cells (45) , the effects of ZEA on gonadotropins have remained controversial. We initially did not expect that ZEA affects FSH instead of LH in pigs both in vivo and in vitro. The exclusive effect of ZEA on FSH can be explained in two ways. First, the in vivo findings can result from different change patterns of LH and FSH. According to reports, ZEA or estradiol treatment can cause decreased LH and FSH levels in ovariectomized ewes (48) and rhesus monkeys (49) for short periods of ;10 hours. However, longer treatments have shown an LH surge whereas FSH remains low. In our study, a dose of 1 mM ZEA and a duration of 3 hours were used for the in vitro experiments and 7.5 mg/kg BW ZEA was used for 24-hour treatment in vivo. Under these conditions, ZEA affects only FSH secretion instead of LH. All the evidence suggests that the effects of ZEA and a-ZOL on gonadotropins may be influenced by the dosage and duration of these endocrine-disrupting chemicals. The second explanation is that FSH is regulated by a few transcription factors, including AP-1 (50) . FOS belongs to AP-1 family and is located on the FSH but not LH promoter. The specificity of FOS can lead to the exclusivity of the ZEA effect on FSH and not on LH.
To investigate the mechanism involved, a high dosage of ZEA was used in the experiments. An acute reduction of FSH was observed after ZEA treatment. Three possible reasons may account for this. First, miR-7 can temporally modulate the gene expression via FOS and function as a "molecular switch." Without genetic changes, miRNA regulation is fast and reversible, which may account for the reversibility of ZEA toxicity in animals (51) . However, the importance of miRNA in endocrinology and reproduction is not fully understood. Recently, miR-200b and miR-429 were found to be essential for female mice fertility at the pituitary level (52) . Our work indicates the detailed mechanism of miRNA in pigs. Second, although it is generally thought that ZEA has binding affinities with ERs, especially ERa (53, 54) , GPER1 also has important roles in ZEA functioning (55) . Here we found that with the aid of GPER1 and miRNA, ZEA can quickly achieve gene modification without genomic changes. Third, as an miR-7 target and a member of AP-1, changing expression of FOS has been reported related to environmental stress in the mouse hypothalamus (56) . The genetic characteristics of FOS can stimulate FSH in a short time. Deletion of miR-7a2 has recently been shown to cause infertility, with reduced gonadotropins and sex steroid hormones (57) . Further investigation found that miR-7a2 is a fundamental element in the HPG axis in mice. MiR7a2 can inhibit downstream bone morphogenetic protein 4 and prostaglandin F2 receptor inhibitor through inhibiting GLG1, and further inhibit the secretion of gonadotropins. In our study, the results of high expression of miR-7 in pigs is consistent with miR-7 expression in mice. Additionally, in our study, miR-7 was shown to play important roles in the signal pathway of ZEA, a-ZOL, and b-estradiol regulating FSH in pigs. This is similar to the effect of estrogen on miR-7 in mice. We therefore concluded that miR-7 potentially plays an important role in the HPG axis in pigs. Future experiments should focus on the role of miR-7 in GnRH regulation of gonadotropins and the HPG axis. Our results demonstrate that ZEA, acting as an environmental endocrine disruptor (EED), interacts with miR-7, which subsequently leads to reproductive defects by targeting the FOS gene to inhibit FSH synthesis and secretion in the pig pituitary gland. In light of these findings, we propose that miRNAs are key intrinsic factors regulating hormone synthesis and secretion by mediating EED signaling in endocrine glands and reproductive systems both in animal and human. We suggest that future studies should seriously consider the interactions between miRNAs and EEDs and their relevance to medical practices and animal production research.
